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INrRffiOCTION 
The purpose of this work was to study bond lengths in uranium 
halide complexes by means of x-ray crystallography. In order to pre­
pare the uranium complexes, a synthesis had to be found that would 
allow uranyl acetate to be used as the starting material. 
Two complexes, bis-tetramethylammonium hexachlorouranate (IV) and 
�-tetramethylammonium dioxotetrachlorouranate (VI), were chosen for 
crystal studies. U--Br bond lengths were determined for each complex. 
Carbon and nitrogen were located for the U(IV) complex. A full matrix 
least squares refinement and electron density maps were used to find 
atom and temperature parameters. 
HISTORICAL 
· Before Worl d War II, progress made in the fiel d of uranium chem­
istry invol ved primaril y work with uranium metal and an insignificant 
number of al l oys and compounds. Most of the synthetic and spectro­
scopy work was done after 1946. Also, much of the work that has been 
done in bot h synthesis and structural determination has been cl assi­
fied, so that a literature search cannot contain all work t hat has 
been performed. 
The following syntheses were used as references for finding a 
method suitable to  this work. Although none of these syntheses coul d 
be used with uranyl acetate as the starting material, many of the 
individual t echniques could be fol l owed. 
Previous Preparative Techniques 
1 It has been report ed by J. L. Ryan that �-tetraphenylarsonium 
hexachl orouranate (IV) can be made by al l owing tetraphenyl arsonium 
chloride, dissol ved in et hanol , to  react with a solut ion of uranium 
tetrachl oride. This solut ion can be prepared by adding uranium 
tetrachloride to dilute HCl or by dissolving uranium metal in a 6N 
HCl solution. 2 By saturating nitromethane wit h �-t etraphenylar­
sonium hexachlorouranate (IV), passing chl orine gas through t his 
0 1 solution, and heating it in a sealed vial at 50--60 C, Ryan was abl e 
to produce tetraphenyla..rsonium hexachl orouranate (V). This product 
proved to  be ext remely unstable in the presence of moisture. 
2 
Eberhard Stumpp reported preparing cesium hexachlorouranate (V) 
by adding uranium trioxide and cesium chloride to thionyl chloride 
0 3 and heating it for 24 hours at 180--200 C in a  sealed tube. Other 
alkali salts were also made in this manner. 
�-triphenylphosphonium hexachlorouranate (IV) has been pre-
4 
pared by C. K. Jorgensen by allowing triphenylphosphine, dissolved 
in acetone, to react with a U(IV) solution that had been prepared by 
dissolving uranium filings in 6N HCl. It was also reported that the 
bromine analogue could be prepared by using 6N HBr instead of HCl. 
Nitromethane was used as a recrystallizing solvent. This proves to 
be a fairly common solvent in uranium (IV) chemistry for it is polar 
enough to dissolve most U(IV) complexes. Also, as most U(IV) com­
plexes oxidize easily to U(VI) , the poor oxidizing ability of nitro­
methane makes it even more suitable. 
A reduction synthesis can also be used to prepare bis-triphenyl­
phosphonium hexachlorouranate (IV) as reported by Day and Venanzi.
5 
Uranyl chloride was suspended in diethyl ether and granulated zinc 
amalgam was added. Dry HCl is passed through this mixture until the 
uranyl acetate dissolves to form a green U(IV) solution. This solu­
tion ls then decanted into a solution of triphenylphosphine in 
diethyl ether. The product can then be separated and recrystallized 
from acetonitrile. The bromine salt can also be prepared by this 
method, using uranyl bromide and HBr. 
,lli_-tetrarr�thylammonium hexachlorouranate (IV) and hexabromo-
4 uranate (IV) may be prepared by the method described by Jorgensen, 
3 
with the substitution of tetramethylammonium halide for triphenyl­
phosphine. This method is also reported by Satten, Schreiber, and 
6 
Wong. In both reports, crystals of the bromine salt were grown by 
slow evaporation of the solution which formed when the ligand and 
U(IV) solutions were mixed . No mention was mad e of a recrystallizing 
solvent. 
There have been two general methods reported for the preparation 
of uranyl halid e complexes. Vicente7 prepared complexes of the form 
M.iU02c14 where Mis a metal ligand. The metal chloride is add ed to a 
solution of U0:3 in concentrated HCl. The mixture is evaporated to 
dryness. The product is separated and recrystallized from water. 
Day and Venanzi5 reported preparing both uranyl chlorid e and bromide 
complexes by add ing the stoichiometric amount of ligand in solution 
in acetonitrile to the appropriate uranyl halid e. The products were 
recrystallized from acetonitrile. Tetramethylammonium and triphenyl­
phosphonium complexes have also been prepared in this manner. 
Review of Spectral Properties 
The visible absorption maximum for the uranyl ion is reported by 
. 
5 
Day and Venanzi to appear between 400 and 4 50 nm and has fine struc-
ture. This is the only absorption maximum to appear in the visible 
region. 
The U(IV) ion, however, has a series of peaks appearing between 
45 8 and 850 nm. 
6 
Satte�, tl&•, have reported the absorption maxima 
of �-tetrarnethylammoniurn (T��)2 and �-triphenylphosphonium (TPP)
2 
4 
hexabromouranate (IV) salts, which are listed in the f ollowing table: 
Compound 
(TM\)2 UBr6 
(TPP)2 UBr6 
851 
847 
797 
796 
Absorption Maxima (nm) 
678 
673 
667 
667 
652 620 
620 499 464 458 
These spectra were taken as solid samples at 77°K, which explains the 
resolution of the fine structure. 
4 
Jorgensen reports the absorption 
maxima for the triphenylphosphonium complexes in solution at  594 a nd 
634 nm f or uc16•• and at 620, 650, and 670 run for UBr6
--. 
Infrared spectra for the uranyl complexes have been reported by 
8 5 
Satten and Young and by Day and Venanzi. The former reported that 
-1 in cs
2
uo2c14 the uranyl asynnnetric stretch occurs at 915 cm • Da y 
reports that this absorption band is found between 900 a nd 950 cm· 1 
for uo2c14 and uo2Br4• 
Hoekstra 9 has found that the position of the uranyl band can 
yield a good approximation of the U--0 bond distance. He notes that 
10 11 Badger's ' relationship, 
can be applied to this system. B.uo is the bond l ength, Euo is the 
force constant in rrdynes/A, and/3 and iuo are constants whose values 
are determined by the bonding elements. Hoekstra used a value of 
1. 08 for f3 and 1. 17 for &uo• With these consta nts he was able to 
calculate U--0 bond lengths that agree with the values found by x-ray 
structural analysis, to within experimental error. 
5 
The last bit of s pectral data of interest here was also reported 
5 by Day and Venanzi. They as s igned an infrared absorption peak, 
-1 appearing at 243 0 cm in the spectrum of �-triphenylphos phonium 
hexachlorouranate (IV), to the P--H stretch. This absorption peak is 
used to substantiate the presence of the triphenylphosphonium ligand 
as oppos ed to either tetraphenylphos phonium or triphenylphosphine 
oxide 1 igands. 
Structural Determinations of Uranium Complexes 
The s tructure of tetraphenylarsonium hexachlorouranate (V) has 
12 
been worked on by Jensen, Wilson, and Eiss.  It was found to be a 
• 4 monoclinic crys tal and to have the s pace group symmetry of c5.cc. 
Lattice cons tants are; a •  23 . 22 A, b • 6. 8 i, c • 18. 22 X, and the 
0 
angle /3. 93 • There are four molecules per unit cell which gives a 
calculated dens ity of 1. 925 g/cc. Experimental dens ity is 1. 974 g/cc. 
At this time only uranium, chlorine, and arsenic atoms have been. 
located and the s tructure has been refined to a R factor of 0. 20. · 
The U--Cl bond distance was reported to be normal for this type of 
compound. 
Staritzky and Singer13 have reported x-ray data for two uranium 
complexes . lll..2.-tetramethylannnonium·hexachlorouranate was found to be 
face-centered cubic with a lattice cons tant of 13. 03 J. and four 
molecules per unit cell. The analogous tetraethylammonium salt is 
23 
orthorhombic in space group n2h-Fmmm and has lattice constants of; 
a. 14 . 2  �, b. 14. 7 A, c � 13 . 3  K. There are four molecules.per 
6 
unit cell. 
X-ray data was also included for two uranyl complexes analogous 
to the compounds above. The tetramethylammonium salt is tetragonal 
with the space group cih-14/m with a• 9. 12 A and b • 11. 77 !. There 
are two molecules per unit eell. The tetraethylammonium salt is 
monoclinic with a• 16. 3 A, b • 10. 0 A, c • 12. 9  A, and the angle 
0 
fi>• 142 , with two molecules per unit cell. Intensity data was not 
gathered for these compounds and therefore no bond lengths could be 
determined. 
�-tetramethylammonium hexabromouranate (IV) has been reported 
by Brown
14 
to be cubic with the symmetry of the �-Fm3m space group 
with a. 13 . 37 X. Again, intensities were not found due to difficulty 
arising from the large absorption problem associated with uranium. 
8 
Satten and Young, and references cited therein, have reported 
the crystal structure of Cs2 uc16• 
3 
This crystal has trigonal o3d
-C3m 
symmetry. Lattice constants are a• 7. 614 A and b • 6. 03 8 A with one 
molecule per unit cell. The U--Cl bond distance for this crystal is 
2. 1s A. 
The crystal structure of cs2 uo2Br4 has been reported by Mikhailov, -
15 5 
Kuznetsov, and Kovaleva. This has the space group of c2 h-P21/c 
and lattice constants of a • 9. 90 A, b • 9. 808 A,�. 6. 3 9  A, and 
0 /3• 103.S . The uranium has tetragonal bipyrimidal site symmetry. 
The bromines are located in an equatorial plane with linear uo2
++ at 
an 88°40' angle from this plane. U--Br bond distances are 2.82 A with 
a Br--U--Br angle of 94°30'. The U--0 bond distance is 1.69 X. Cesi­
um is located so as to have a coordination number of 10. 
7 
EXPERIMENTAL 
Preparation of Uranium Tetra chloride 
Three grams of uranium trioxide was added to 15 ml of carbon 
tetrachloride in a thick walled glass  ampoule. The ampoule was then 
sealed, placed in a capped s teel pip� for safety, and heated a t  125--
1450c for 24 hours . The ampoule was opened and placed in a vacuum 
chamber to remove the carbon tetrachloride. Acetone, s aturated with 
dry HCl, was added to the ves sel to dis solve the uranium tetrachlo­
ride for us e in the prepa ration of tetraphenylarsonium hexachloro­
uranate (V) . 
Uranium tetrachloride was a lso  _prepared by allowing 2 grams of 
uranium trioxide to reflux with 25 ml of hexachloropropene for 24 
hours . The pr�uct was filtered and washed with ether to remove any 
orga nic res idue that had formed. 
Preparation of Tetraphenylarsonium Hexachloroura na te (V) 
One and one-half grams of tetraphenylarsonium chloride was added 
to 50  ml of ethyl alcohol. To this was added the uranium tetra­
chloride solution from the above preparation. The resulting s olution 
was allowed to evaporate slowly. The �-tetraphenylarsonium hexa­
chlorouranate (IV) precipitate that formed was dis solved in a minimum 
amount of nitrometha ne. This solution was placed in a vial and dry 
chlorine gas wa s bubbled into it. The via l wa s capped and placed in 
an oven a t  60
°c. The s olution was rechlorinated after 4 and 12 hours 
8 
and left in the oven for another 12 hours after the final chlorination. 
The precipitate was filtered under dry nitrogen gas and sealed in a 
vial. 
Other attempts to prepare this compound produced only the oxi­
dized bis-tetraphenylarsonium dloxotetrachlorouranate (VI) salt. This 
occurred when the nitromethane solution was not sufficiently saturated 
with chlorine. 
Preparat ion of bis-Triphenvlphosphonium Hexachlorouranate (IV) 
Four and one-half grams of uranyl acetate was added t o  a 10% 
solution of HCl in acetone. This solution was then passed over a 
Jones red uctor to  reduce the uo2
2+ ion to rf+ . To a portion of this 
solution was ad ded enough triphenylphosphine, dissolved in a minimum 
amount of benzene, to  make a 1:1 mole ratio with the u
4+ in solution. 
This was allowed to  stand for 3 6  hours at which t ime a precipitate 
had formed at the interface of the two solutions. This product was 
then filtered and washed with cold benzene. 
Preparation of bis-Triphenylphosphonium Dioxotetrachlorouranate (VI) 
This product was prepared in the same manner as t he hexachloro 
salt, but with t he s ubst itution of an ethanol-HCl solution for t he 
acetone s olvent. 
Electrolysis Reaction 
An elect rolysis cell was set up using the Cu/cu++ as t he oxidation 
9 
couple. A platinum electrode was 
used.for t he reduction half cell. The 
uranyl acetate was dissolved ln a di­
lute solution of HCl and KCl in water. 
The cell, illustrated at right, was 
then connected to a de power supply 
and a current of 25 milliamps was 
sint ered glass 
discs 
applied to the circuit. After five hours a precipitate had formed on 
the platinum electrode. 
Preparat ion of bis-Tetramethylanunonium Hexachlorouranate (IVl 
A u
4+ solution was prepared in the same manner as t he t riphenyl­
phosphine salt with acetonitrile used as the solvent. A 10% excess 
over the stoic�iometric requirement of tetramethylammonium chloride 
was dissolved in 50 ml of concentrated HCl, then added to the u
4+ 
solution. This solution was diluted to 400 ml and filtered. The 
volume of the filtrate was reduced to 2 0  ml by vacuum distillation. 
Four hundred milliliters of a lN HCl solution was added to  the flask 
and the solution was again allowed to  distill to 20 ml. This volume 
was then cooled in an ice bath to crystallize the product which was 
then filtered and washed with cold acetonitrile. The product was 
allowed to boil with ethanol to remove any excess of tetramethyl-
ammonium chloride. 
Calcd. for c8H24N2uc16 
: U, 39. 741.; Cl , 3 5. 54%. 
Found: U ,  39. 73%; Cl , 35.331.. 
10 
Preparation of bis-Tetramethylammonium Hexabromouranate (IV) a nd 
bis-Tetramethylammonium Dioxotetrabromouranate (VI) 
The procedure used for the uranium (IV) salt also produced the 
analogous uranium (VI) salt. A U4+ solution was obtained in the same 
manner as  for the previous synthesis using water as the solvent. A 
stoichiometric amount of tetramethylammonium bromide was dissolved 
in a minimum amount of concentrated HBr and added to the u
4+ 
solution. 
Ethanol was added until the precipitate that had formed just dissolved. 
50 ml of acetone was added and the resulting solution was allowed to 
stand uncovered for four days. Attempts a t  recrystallizing the 
uranium (IV) salt consistantly produced the oxidized salt; therefore, 
the product was used without recrystallization. The uranium (VI) 
salt was recrystallized from a 50% solution of concentrated HBr and 
water. 
Calcd. for 
Found: U ,  27 . 311.. 
Calcd. for c8H24N2uo2Br4 : U,  32. 257.; Br, 43 . 367.. 
Found: U ,  32. 337.; Br, 42. 95%. 
Infrared Spectra 
The infrared spectrum was taken for each of the four compounds 
synthesized in this work: bis-triphenylphosphonium hexachlorouranate 
(IV), �-triphenylphosphonium dioxotetrachlorouranate (VI) ,�­
tetramethylanunonium hexabromouranate (IV) , and �-tetramethylammonium 
dioxotetrachlorouranate (VI). These spectra were all taken on a 
11 
Perkin-Elmer 700 infrared spectrophotometer using nujol mul l s  dis­
persed on sodium chl oride pl ates. 
Visibl e Spectra 
Visible spectra were taken on a Beckman DK2A spectrophotometer. 
They were all taken between 400 run and 1500 run. Samples were pre­
pared as solutions and spectra were run in a 1 cm cel l .  
X-ray Instrumentation 
X-ray diffraction powder patterns were taken on a Picker Nucl ear, 
6147 series, x-ray diffractometer with the fol l owing components: 
model 809B x-ray generator and control , model 564C high tension trans­
former, T40R series four-port copper x-ray tube, model 600084 high 
vol tage power $Uppl y, model 644058 pulse height anal yzer, model 
682047 l og-l inear ratemeter, model 2811B scintil l ation detector, 
Picker 3 488 diffractometer, and a Servoriter II portabl e recorder. A 
Picker model 681400 powder camera was used for coll ecting camera pow­
der data. An Enraf Nonius Del ft non-integrating Weissenberg camera 
was used for col l ecting single crystal data. A Ridl model 49-25 
scaler-timer was used in conjunction with the previousl y mentioned 
pul se height analyzer to obtain powder intensity data. 
Reagents 
These chemical s were used as received from the Mal l inckrodt 
Chemical Works: 
12 
Uranyl acetate 
Annnonium bromide 
48% Hydrobromic acid 
Sodium peroxide 
Benzene 
These chemicals were used as received from Eastman Orga�ic 
Chemical: 
Tetraphenylars onium chloride hydrochloride 
Nitrornethane 
Tetrarnethylammonium bromide 
TetramethylaITmlonium chloride 
Triphenylphosphine 
iso-Amyl acetate 
Absolute methanol was used as recelved from J. T. Baker Chemical 
Company. 
Hexachloropropene was used as received from Aldrich Chemical 
Company. 
Ethanol was used as received from U. S. Industrial Chemicals. 
These chemicals were used as received from Matheson Coleman and 
Bell Chemical Company: 
Nitrobenzene 
Potassium thiocyanate 
12 3-Dibromopropane 
Zinc 
These chemicals were used as received from Fisher Scientific 
Company: 
261072 
SOUTH DAKOTA STATE UNIVERSITY U RA V 
13 
Silver nitrate 
Tetrabromomethane 
Mercury (II) nitrate 
Acetone 
Density Measurements 
Densities were measured by finding the combina tion of tetra­
bromomethane and 1,3 -dibromopropane in which a crysta l would just 
float when put in a centrifuge. The density measurements (a nd 
standardization of pycnometers) were carried out at 2 2. s0c. Volumes 
were d etermined with a 3 . 7162 ml pycnometer made by R. E. Ashmore at 
South Da kota State University. 
Analysis 
Uranium was analyzed by t itrimetric oxidation of U(IV) with 
19 
a standard eerie sulfat e  solution. Uranium (VI) compounds were re-
duced in a Jones reductor prior to the t itration. Uranium was also 
determined by igniting the compounds and weighing t he residue. This 
method was checked with uranyl acetate before use. The t riphenyl­
phosphoniurn salts checked in this manner also left a residue of phos­
phorus pentoxide. By performing both uranium analyses, a phosphorus 
analysis could also be obtained. 
Chloride and bromide determina tions were obtained by the Volhard 
technique, using a sodium peroxide fusion to free the halide ion. 
Preparption of Single Crystals 
Single crystals of �-tetramethylannnonium dioxotetrabromouranate 
(IV) were prepared by dissolving the compound in 25% HBr and allowing 
the liquid to evaporate slowly. A polarizing microscope was used to 
find a suitable single crystal for x-ray work. 
Mounting of a Single Crystal 
The crystal was glued to the end of a thin glass rod (approxi­
mately 0. 3  mm) with Duco Cement diluted with iso-amyl acetate. This 
glass rod was then mounted on a goniometer head. 
Computer Work 
The data reduction calculations were performed on the Olivetti­
Underwood Programrna 101. The IBM 360-40 computer was used for all 
structure factor determinations, electron density maps, and other 
related calculations. 
Preparation of Samples for Film Method Powder Patterns 
Compounds were ground with an agate mortar and pestle so as to 
pass through a 200 mesh screen, then placed in a 0.5 mm lead free 
soft glass capillary. This was then sealed with a small flame and 
held in the camera by a small ball of clay. The sample was aligned 
by optical means. 
15 
Preparation of Samples for Diffractometer Powder Patterns 
Crystals were ground to pass through a 300 mesh screen, ground 
for another half hour, then placed in an aluminum planchet and 
pressed with a smooth flat iron. Care was taken that the surface of 
the sample was not pitted. For precision diffraction angle measure­
ments, the compound was mixed with an equal amount of f inely divided 
sodium chloride before pressing it into the planchet. 
Method of Obtaining Accurate 20 Values 
The planchet with the sodium chloride mixture was placed in the 
sample holder of the diffractometer. The diffractometer angle (28) 
was set at 27. 33
° to correspond to the 100% line of sodium chloride. 
The sample holder was then adjusted in the x-ray beam to give a 
maximum intensity reading. 
0 
An  8 take-off angle was used f or all 
diffractometer work. An aperture slit of . 002 cm was used f or 
centering purposes, but was changed to a width of . 0 10 cm f or all 
other work. A nickel foil filter was placed between the sample and 
the detector to filter out most of the copper KfJ radiation. The· 
gears were placed in the diffractometer to give it a speed of 0. 25 
degrees per minute. The 28 value was read off the di-f fractorneter as 
the peak on the recorder reached its maximum height. A scan of 28 
0 0 
values from 10 to 75 was recorded. The voltage setting on the 
x-ray tube was 36 KV with an amperage of 16 ma. 
Method of Obtaining Accurate Intensities 
Powder -intensities were taken on a radiation scaler-timer. A 
16 
30-second background count was taken on both sides of the peak where 
the background was lowest on the raterneter scan. If the signal be­
tween two or more peaks did not return to the baseline, a background 
count was taken at each end of the region and an average value was 
used. A diffractometer scan speed of 0. 25° per minute was used. The 
total radiation count over the entire width of the peak was f ound and 
the background for the corresponding time was subtracted f rom the 
total count. Intensity was taken as being directly proportional to 
the peak count. 
Intensity measurements were obtained for both the pure compound 
and for the compound mixed with sodium chloride. The sample position 
was adjusted for maximum peak height for each sample using the 100% 
line of the uranium salt as the reference. All other diff ractometer 
settings were the same as previously listed. 
17 
RESULTS AND CO�LUSIONS 
Discussion of Spectra; Visible and Infrared 
Visible spectra were used in this study to determine valence 
states of uranium and relative amounts of U(IV) and U(VI) in various 
solutions. Infrared spectra were used for qualitative identification 
and for estimating the U--O_bond length. 
Uranium (VI) is easily identified by its unique visible spectrum. 
It has a seven peak cluster occurring at 425 run! 25 nm, depending on 
the type of ligands and the solvents used. Uranyl acetate has an 
absorption maximum at 420 nm with very little solvent d ependence. 
Bis-tetramethylammonium dioxotetrabromouranate (VI) has an absorption 
maximum at 425 nm in dilute HBr. The oxidation product of tetra­
phenylarsonium hexachlorouranate (V) has an absorption maximum at 
450 run. This distinct area i� extremely useful in detecting even 
small amounts of U(VI). 
Because molar absorptivities are not as high, small traces of 
U(IV) cannot be as easily identified. Major absorption peaks of the 
product from Jones reductor occurred at 425, 490, 640, and 1075 nm 
when methanol was used as the uranyl acetate solvent. When aceto­
nitrile was used as the solvent, the peaks shifted to longer wave­
lengths. A shift of 20--50 nm was observed in all peaks. The U(IV) 
solution prepared by electrolysis shows a visible spectrum consistant 
with the latter, while .!?.,!£-tetraphenylarsonium hexachlorouranate (IV) 
showed a spectrum which shifted to slightly shorter wavelengths than 
18 
the U(IV) in the methanol • .  A spectrum of �-tetramethylammonium 
hexabromouranate (IV) was not obtained since a solvent had not been 
found that would not oxidize the salt. 
Both the visible and the infrared spectra were used to follow the 
relative amounts of U(IV) and U(VI) sal ts in the triphenylphosphine 
reaction. The peak that was followe4 in the infrared spectrum was 
-1 due to the U--0 asymmetrical stretch and appeared at 895 cm • 
The infrared spectra of the triphenylphosphine compounds were 
al so used to qual itativel y identify the form of the salt produced. 
-t The peak at 2485 cm is assigned to the P--H stretch and indicates 
that the salts contain the triphenyl phosphonium cation rather than 
the triphenylphosphine oxide cation. 
The U--0 stretching vibration in bis-tetramethlyammonium dioxo­
tetrabromouranate (VI) was used to approximate the bond d istance 
between uranium and oxygen. This was accompl ished in the manner 
previousl y referred to and gave a bond l ength of 1. 7 A. 
Discussion of Synthetic Methods 
Most preparations of uranium complexes use uranium metal as the 
starting material. Since uranium metal was not available, a new 
series of reactions was found to facilitate using uranyl acetate as 
the starting material. 
0 
Uranyl nitrate was heated in air at 450-500 C for one hour and 
was found to form uranium. trioxide which coul d be used to prepare 
uranium tetrachl oride. However, when the same technique was used 
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with uranyl acetate, u3o8 was formed. As this oxide does not work as 
well for the preparation of uranium tetrachloride, a different route 
was needed. 
Since a Jones reductor is used to reduce uranium (VI) to ura nium 
( IV) for analytical work, it was believed that this same uranium (IV) 
solution could be used for synthetic _purposes. The first reaction to 
be tried, the formation of bis-tetraphenylarsoni um hexachlorouranate 
( IV) , worked quite well. The visible spectrum of the crud e product 
showed tha t  only a small amount of the U(VI) salt was present. The 
product was quite pure. When the corresponding U(V) salt was pre­
pared, the visible spectrwn aga i n  substantiated the fact that very 
little U(V I )  was present. 
Tetraphenylarsonium hexachlorouranate (V) is prepared with little 
difficulty, but it is very unstable to moisture. No a nalysis of the 
water oxidation prod uct of the U(V) compound was performed, but it l s  
believed that the prod uct is bis-tetraphenylarsonium dioxotetra­
chlorouranate (VI). The visible spectrum of the oxidized product 
shows that only U(VI ) is present. The U(VI) salt also appears to be 
the main product when the nitromethane solution used in preparing the 
U (V )  salt is not sufficiently saturated with chlorine gas. 
In the preparation of bis-triphenylphosphoni um hexachlorouranate 
( IV) , oxidation of the uranium became a serious problem. This prod uct 
was never synthesized without a substantial amount of bis-triphenyl­
phosphonium dioxotetrachlorouranate (VI) also being formed. It was 
found, however, that using acetone instead of methanol as the solvent 
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in the preparation of the U(IV) s olution subs tantially increased the 
yield. Relative heights of the U(IV) and U(VI) peaks in the vis ible 
spectra were us ed to inves tigate this. It is believed that a rigorous 
control of the water in the U(IV ) s olution would greatly increase the 
yield of the U(I V) salt. One way to accomplish this would be to 
saturate the U(IV) s olvent with HCl ·gas, rather than us ing concen­
trated HCl, in order to have the 5-101. HCl s olution required for the 
use of the Jones reductor. 
The U(VI) salt could pos s ibly be prepared us ing water as the 
solvent. If both of the salts were able to be prepared and purified, 
a U--C l  bond distance study could be made analogous to the U--Br s tudy 
pres ented in this work. 
When water was us ed as the s olvent to prepare the U(IV) s olution 
and tetramethy�ammoniurnchloride was added, the prod uct was �-tetra­
methylammonium hexachlorouranate (IV). When other s olvents were used; 
acetone, ethanol, etc. , a blue product was fanned which was apparently 
a mixture of U(IV) and U( VI) salts, but pure compounds could not be 
isolated. 
In the preparation of �-tetramethylammonium hexabrornouranate 
(IV), all organic s olvents with concentrated HBr added s imply gave 
either the s tarting salt, tetramethylamrnonium bromide, or the U(VI) 
salt as prod ucts . This latter product will be dis cus s ed below. When 
water was used, the original salt was again obtained. Ethanol was 
added to dis solve the precipitate after which acetone was added to 
precipitate the prod uct. When no precipitate appeared, this s olution 
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was divided into small portions and allowed to stand uncovered in 
shallow dishes. After two weeks, a precipitate began to appear. In 
all but one of the precipitating dishes the U(VI) salt, bis-tetra ­
methylarranonium dioxotetrabrornouranate (VI ) , was formed. However, one 
dish contained green crystals which , upon analysis, were shown to be 
the desire d U(IV ) salt. Why this orie prod uced a different product has 
not been d etermined. A suitable recrystallizing solvent could not be 
found. Any polar sol vent which would dissolve this salt oxidized it 
to the U( VI) salt. Therefore, the prod uct was used without recrys­
tallization. 
The U( VI) salt referred to above, bis-tetrarnethylammonium dioxo ­
tetrabromouranate (VI), was recrystal lized from an HBr solution . 
This would oxid ize a ny of the U(IV) salt present to U (VI) . The U (V I )  
salt could also be  prepared analogous to bis-tetramethylammonium hexa­
chlorouranate (IV ) using water, ethanol, a cetonitrile, or a cetone as 
the solvent. 
Since synthetic methods were not the main purpose of this work 
and ample prod uct had been obtained for further work , no ad ditional 
research was continued in this area. However, it is believed that the 
U( IV)  salt could be prepared with better cons istency by the use of 
non-aqueous HCl,  d issolved in acetonitrile, as the s olvent and by 
using care to keep the system free from moisture. 
An electromotive cell was also used in an attempt to reduce 
U(VI) . Solutions of U ( I V) were obtained quite read ily but any att empt 
to isolate the solid prod uct, which formed on the electrod e, failed.  
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When the product came into contact with air, it immed iatel y went into 
sol ution. Apparentl y oxid ation had occurred. Since U(IV) sol utions 
could be obtained easier with a Jones reductor, f urther el ectrolys is 
work was abandoned . 
D i s cus sion of X-ray Techniques 
The powd er patterns of �-tetraphenyl arsonium hexachl orouranate 
(IV) and �-tetramethyl annnonium hexachlorouranate (IV) are given in 
Tabl es I and II res pectivel y. These were obtained by s tand ard Debye­
Scherrer camera techniq ues as s tated in an earl ier section. 
The powd er patterns l is ted in Tabl es III and IV are of �-tetra­
methyl ammonium hexabromouranate (IV) and �-tetramethyl arnmonium 
d ioxotetrabrornouranate (VI). These powder patterns were obtained by 
powd er diff ract ion method s.  Many uns uccessful attempts were mad e to 
find a method of obtaining accurate and reproducibl e intensity 
measurements. 
Sodium chl orid e was used to d etermine the us efulness of the 
various techniq ues for s ample preparation. To be suitabl e, the 
technique was req uired to produce a s ampl e that would give rel ative 
intensities of 100% and 55% to the two mos t intense peaks of sodium 
chl orid e that oc cur at 2 7. 33
° 
and 45.43
° respectivel y. The first 
method tried was to grind the s ampl e to an und etermined particl e s ize 
and pl ace it in an al uminum pl anchet. The sampl e was scraped l evel 
and held in place with trans parent tape. The tape, however, would 
absorb x-rays at l ow d iffraction angl es. Reasonabl e res ul ts were 
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Table  I 
X-ray Powder Data for 
!?k-Tetraphenylarson ium Hexachl orouranate ( IV) 
28 Intest  dobs 
8 . 35 10. 53 
9 . 20 9 .600 
10.05 70 8 . 7 90 
1 1 . 25 100 7 . 866 
1 2 . 20 50 7 . 245 
1 4.00 90 6.324 
1 5 . 85 60 5 .586 
1 7 . 80 70 4 . 980 
1 9 . 70 50 4.503 
20. 85 60 4 . 259 
25 . 20 20 3 .535 
26.15  20 3 .408 
2 7 . 85 20 3 .201 
3 1 . 1 3  20 2 . 872 
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Table  II 
X-ray Powder Data for 
�-Tetramethylammonium Hexachl orouranate ( IV) 
26 Intest  dobs hkl 
1 1 . 8  100 7 . 50 1 1 1  
1 3 . 7  50 6.46 200 
1 9 .3 80 4.60 220 
22 . 7  70 3 . 92 31 1 
2 7 .4 45 3 .25 400 
30. 7 45 2 . 9 1  331 , 42o!-
33 . 8  20 2 .65 422 
35 . 8  40 2 .51  5 1 1 , 333.!?. 
39 . 3  20 2 . 29  440 
41 .0 45 2 . 20 531 
41 . 7  25 2 . 1 7  600 , 442.E. 
44. 1  1 5  2 .05 620 
45 . 8  1 5  1 . 98 533 
622 
444 
50.6 20 1 . 80 551 , 7 7 1.!? 
52 .6 10 1 .  74 642 
54.0 10 1 . 70 731 , 5 53.E. 
!. Peaks too c l ose to separate . 
b Dupl icate peaks . 
obta ined by d i spers ing a sample passed through a 300 mesh screen w ith 
col l od ian.  Th i s  method had the drawbacks of not produc ing a perfectl y  
l evel surface and ox id i z ing the U ( IV )  sal t. Petroleum je l l y  was used 
to adhere the sampl e to a glass plate . This  method produced usable 
resul ts , but the sample th ickness and uni formity of the surface were 
poor . 
The method f inal l y  ad opted cons isted of gr ind ing the sample  unt i l  
i t  would pass through a 300 mesh screen and then gr ind ing f or one hal f  
hour l onger . Th is  sampl e  was then pressed f irml y int o  the cav i ty of 
an a l uminum pl anchet , us ing care not to s l ide the powder whi l e  pack­
ing .  Th is had a tendency t o  pack the crystal l ytes i n  preferred 
or ientat ions . 
Add ing sod i um chl or ide as an internal standard made the prepara­
t i on of a su itable  sampl e much s impler. · Thi s  had the effect  of e l imi­
nat ing preferred or ientat i ons . Intens ity values f or both urani um 
salts are averages of pure samples and of samples c onta ining s od ium 
chlor id e . 
A s l ow scan speed of 0. 2 5° per minute was used for al l d iffrac-
tome ter work . H igher scan speed s caused the peaks to appear , at a 
s l ightl y  higher 26 value . Al so ,  when h igher speed s were used , 28  
val ues  had t o  be  read off  the ratemeter scan. These  val ues  would not 
have been as accurate in that case . The 26 values in this  work are 
+ 0 accurate to - 0.02 • 
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Interpretation of Data 
The two urani um bromid e complexes in this s tud y were found to be 
analogous to the correspond ing chlorid e complexes reported earlier. 
The U(IV) crystal structure is cubic with the uranium being octahe­
drally s urrounded by bromine atoms and having a coord ination number 
of s ix. The oxid ized U(V I) crys tal was found to be tetragonal. 
Lattice constants and Miller ind ices were found by applying 
16 
a least s quares refinement to the appropriate equations 
for the cubic sys tem, and 
for the tetragonal s ystem, where a and c are the unit cell d imens ions. 
Sys tematic absences of d ata points were then us ed to d etermine 
s pace groups into which each of these sys tems could be placed . It 
was firs t believed that s pace groups reported for the analogous 
s uitable, those being cubic chlorid e complexes were Oh- F m3m for the 
5 
U(IV) salt and c4h-I 4/m for the U(VI) salt. It had als o  been pre-
v ious l y  reported that this was the space group for the U(VI) bromide 
s alt. 14  After consid erable work had been d one in an attempt to ref ine 
structures accord ing to these spa ce groups, it wa$ d is covered that the 
systems had been incorrectly assigned . The s pace groups in question 
are both centrosynnnetric, which means that for every atom at a posi­
tion of x,y, z withi n the unit cell, there mus t be a s imilar atom at 
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-x, -y, -z. Uranium, bromine, nitrogen, and oxygen atoms can be put 
into this arrangement with no trouble. Carbon a nd hydrogen, on the 
other hand, must be tetrahedrally arranged about nitrogen and carbon, 
respectively. Therefore, a non-centrosymmetric space group had to be 
used. 
For the U(IV) system this created no problem. Since the data for 
the system cou ld be reduced to a 14% residual i n  the Fm3 m space group, 
it was assumed that the mod el must be very close to the true struc­
ture. Upon careful examination, it was found that the basic diffi­
culty was that this model placed eight carbons centrosynnnetrically 
around eac h of four of the nitrogen atoms and left the other four 
nitrogen atoms with no carbon atoms · bonded to them. The cubi c  T2-F23 
space group was found to correc t this problem. 
The U(VI) _ system, however, presented a more difficult problem. 
Since a refinement of less than a 25% residual could not be obtained, 
it was assumed that there was a basic flaw in our mod el. Furthermore, 
there is no non-centrosymrnetric bod y-centered space group and our 
data clearly indicated body-centering. At this time i t  was decided 
to collect single crystal data to check t�e indexing of the system. 
This data showed that the crystal was not body-centered, but rather 
primitive. The reflections corresponding to the criterion that 
h + k + 1 .  2n + 1 were very weak and therefore were not found in the­
powder work. The reason these reflections were weak can be explained 
by the fact that uranium is in a body- centered arrangement and there­
fore d oes not contribute. It was necessary then, to find a primitive 
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space group in which the uranium was body� centered. This space group 
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· was eventually found to be either c4-P42 or c4h-P42/rn, the latter 
being the centrosymmetric equivalent of the first. This determination 
was made with the help of a Patterson map and wil l be discussed in a 
l ater section. 
Intensity data for these crystals was reduced to observed struc­
ture factors by the equation 
where L and £ are the Lorentz and polarization factors. These are 
correction terms dependent upon the diffraction angle 20 and for 
1 7  
powd er work are equal to 
2 2 
Ll?, • (1 + cos 28)/ (2sin 8c os6) 
The multiplicity of the reflection is referred to by m and is a meas­
ure of the number of equivalent Miller indices making up the reflec­
tion. These observed structure factors were then compared to calcu­
l ated structure factors found by the equation 
in a ful l matrix least squares refinement. The atom positions x, y, 
and z were varied until a reasonable residual was obtained. The 
residual is a measure of the error in parameters and is calculated by 
R • 
The program also refines the structure with regard to temperature 
-B/4d2 parameters. Isotropic parameters were used in the form e where 
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B i s the temperature parameter and d is the interplaner distance. 
Since a small number of data poi nts has the effect of raising temper­
ature parameters to unreasonable levels, an upper limit had to be set. 
Light atoms were not allowed to have a value larger than five and 
bromine was limited to a value of 3. 5 
An  additional problem was encountered in the solution of the 
U(IV) cubic salt. Because of the symmetry of the system, more than 
one set of Miller ind ices have the same diffraction angle. This 
differs from multiplicity in that they contain entirely different 
Miller indices, such as the points 5 1 1 and 333. They occur at the 
same angle because the term of a previously stated equation, 
2 - 2 2 
h + k + 1 , is equal for the indices listed. Fourteen data points 
were independent. The other ten were related in pairs in this manner. 
In order that these points could be used in the calculations, 
the intens ity of the composite had to be divided between the two 
eq uival ent points. This was accomplished by calculating intensities 
from calculated structure factors accord ing to the equation used for 
find ing observed structure factors. The percentage of each intensity, 
with respect to the sum of the two, was used to divide the observed 
intensity into the appropriate proportions. This apportionment had 
to be accomplished periodically throughout the refinement, for as 
atom parameters were changed, structure factors and intensity per­
centages changed. A lower ! factor could be obtained by leaving out 
these duplicate points, but the structure can be considered more 
correct with them included. 
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Electron density maps were us ed to find atom positions to be 
used in the leas t squares refinement. A fourier s ummation of the 
equation 
p - v1 2.2 L I F  b ( 2cos2'11(hx + ky + lz) 
h k 1 o s 
produces a Patterson map which can be used to locate the heavy atoms 
of uranium and bromine. This map s hows electron density peaks corre­
sponding to vectors between atoms in the unit cell. A ll vectors 
originate from the origin of the map and therefore the map is ex­
tremely difficult to interpret for lighter atoms. 
To obtain a fourier map, a fourier s ummation is applied to 
e • l � I I Fhklcos 211'(hx + ky + lz) - .!.sin2-n'(hx + ky + lz) V h k 1 
where F is the obs erved s tructure factor with the sign des ignated by 
the calculated s truc ture factor. The heavy atom positions found by 
t he Patters on map are s ufficient to fix thes e signs . The fourier map 
locates the actual pos ition of the atoms within the unit cell. 
The weighting s cheme used in the refinement of atom parameters 
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was reported by Baenziger, 
where ,s F is the s tand
ard deviation in Fhkl. The quantity us ed for 
s is 1 7  I 
where s
1 
is the s tandard deviation in Ihk l' NT ls 
the total count of 
3 1  
the integrated peak, NBGl and N8G2 are the background correction on 
either . s id e  of t he peak, and ! is the peak width. The peak width was 
determined e ither by measuring the base of the peak from the rate­
meter or by the scan time used to count the peak. NPK is the total 
peak count minus the appropriate bac kground count. 
Structure of bis -Tetramethylarmnonium Hexabromouranate ( IV) 
The crystal structures determined here were calculated from pow­
der data rather than s ingle crys tal data. This was done in ord er to 
take advantage of the accuracy of the x-ray diffractometer ava ilable. 
Also to be c ons i dered was the high x -ray absorption due to uranium. 
W ith dif frac tometer powd er data, absorption i s  c onstant over t he 
entire 2 8 range. Absorption is a f unction of the geometry of the 
crystal when s ingle crys tal data is used. Therefore, absorption 
corrections nec essary in single crystal work are not need ed for pow-
der work. 
Two probl ems were involved in us ing powd er data. The first was 
the indexing of reflec tions and the other was having reflec tions with 
identical diffraction angles. Indexing was accompli s hed by applying 
a least sq uares ref inement to the equation 
l 1 2 2 2 
- a-(h + k + 1 ) 
d2 a 2  
where a is the lattice constant and d is  the interplaner distance. 
The lattice c onstant was found to be 13. 3 8 � 0. 01  A .  Other res ults 
are list ed in Table III. 
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Table III 
X-ray Powder Data f or 
�-Tetramethylammonium Hexabromouranate ( IV) 
28 2 sin 6obs 
2 sin 8calc hkl 
1 1 .46 0 . 00995 0 . 00995 1 1 1  
13 . 2 5  0 . 01329 0. 01326 200 
1 8 .  7 7  0 . 02655 0 . 02652 220 
22 . 02 0 . 0364 1 0 . 03647 3 1 1 
23 . 08 0 . 03995 0 .03979 222 
26.65 0 . 05303 0. 05305 400 
29 . 89 0 .06640 0. 06631 420 
33.49 0 . 082 87 0 .08289 422 
34. 84  0 .08947 0. 08952 5 1 1 , 333.! 
38 . 05 0 . 1 0609 0 . 1 0609 440 
39 . 86 0 . 1 1600 0 . 1 1604 531 
40 .42 0 . 1 1 914 0 . 1 1 936 600 , 442!. 
42 . 70 0 . 13232 o .  13262 620 
44. 58 o .  14362 0. 142 56 533 
47 . 13 0. 1 5956 0. 1 5914 444 
48. 59 0 . 16900 0. 16909 7 1 1 , 5 5 1.!. 
49 . 08 0 . 1 1221  0 . 1 7240 640 
52 .46 0 . 1 9502 0 . 1 9561 73 1 , 553!. 
59. 89 0 . 24875  0 . 24866 751  , 5 5s!, 
a Superimposed data points. 
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Table IV 
X-ray Powder Data f or 
.!?J.!.-Tetramethylammon ium D l oxotetrabromouranate (VI) 
26 
2 s in 8obs 
2 s in 6calc hkl 
1 2 . 15 0.01 1 18 0.011 12 1 0 1  
1 3 . 39 0.01357 0.01355 1 1 0  
15 . 3 6  0.017 84 0.01790 002 
19 . 10 0.02 748 0.02 7 10 200 
20.45 0.03 146 0.03 145 1 1 2 
22 . 66 0.03 855 0.03 822 21 1 
24. 70 0. 04567 0. 04592 103 
26 . 92 0.0541 1 0.05420 220 
30. 35 0.06841 0.06775 3 10 
33 . 60 0�08340 0.083 13  1 14 
35 . 52 0.09291 0.09334 23 1 
3 6 . 3 6  0.097 1 8  0.09668 204 
39 . 82 o .  1 1575 0. 11550 105 
40.52 0. 11974 o .  1 1952 41 1 
41 . 88 0. 12748 0. 12721  2 33  
43 . 52 0. 13 723 o. 13 733  3 14 
44. 3 8  0. 1423 7 o .  14260 2 1 5  
46 . 35 0. 15462 0. 1543 1 41 3 
49 . 74 0. 17654 0. 17648 051  
51.92 0. 19 133 0. 19 153 334 
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Table V 
Atom Parameters f or 
.E.!!.-Tetramethyl ammon ium Hexabromouranate (IV) 
At om x/a y/b z/c B 
u o . o  o . o  o . o  o . o  
Br 0 .1 988 o .o  o .o  5 . 0  
N 0 .250 0 .250 0.250 6 .0  
C 0.315 0.315 0 . 315  6.0  
Table VI  
Atom Parameters f or 
�-Tetramethylammoni um D i oxotetrabromouranate (V I)  
Atom x/a y/b z/c B 
u o . o  o . o  o . o  o . o  
Br(l ) 0.223 0 . 723 o . o  3 . 0 
Br (2 ) o . o  o. soo 0 .253 3 . 0 
Br(3 )  o . o  o. so 0.753 3.0 
0 0 . 1 1  0 .61 o .o  4 . 0  
N( l )  o . o  o . o  0.25 4.0  
N ( 2 )  o . s  o . s  o . s  4.0 
C ( l )  0 .61 o . so 0 . 35 4.0 
C (2 )  o . so 0.61 0 . 25 4. 0 
C (3 )  o . o  0.11  0 . 35 4 . 0  
C (4) 0 . 1 1  o .o  0.24 4.0 
In order to solve the problem of superimposed reflections» the 
intensities had to be divided between the superimposed points. At 
the beginning of the refinement, only 14 non-duplicate data points 
were used. When refinement had been accomplished to an R factor of 
0. 1 6, the final 5 data points were apportioned and added to the re­
finement. This brought the R factor to 0. 14 in the wrong space group, 
as previously mentioned. When it was found that refinement from this 
poi nt was too slow to be realistic, a new space group was found. This 
space group, T2 -F2 3, could not be refined with either the refinement 
program written by the author or on the least squares refinement 
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program written by Norman Baenziger because of programing diffi-
cul ties. It was found that the orthorhombic F222  space group is 
identical to the cubic F2 3 space group if the three lattice constants 
are eq ual. The F22 2  space group calculations can be used in refine­
ment, providing proper symmetry conditions are imposed. 
After the correct space group was found, the R factor dropped 
immediately to 0. 12. Additional refinement of atom parameters gave 
an R factor of 0. 102. This refinement, however, raised the tempera-
ture parameters of carbon to unrealistic values. 
2 0  
Baenziger states 
that the B term of the parameter for light atoms should be approxi­
mate ly four. Since only 24  data points were being used (having the 
effect of raising temperature parameters) , a slightly higher value of 
six was chosen to be the limiting value for carbon. With carbon atom 
and temperature parameters now held constant, values for bromine 
parameters were found to vary between 0.1 970 and 0. 2 002 for position 
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and between 4. 5 and 5. 3 for tempera ture. The parameter values were 
unchanged by the a ddition of the weighting functions. 
The final refinement gave the atom and temperature parameters 
listed in Table V. These parameters correspond to a U--Br bond dis­
tance of 2. 66  + 0. 02 A and a C--N bond d istance of 1. 4 7  t 0. 02 K. 
The weighting functions used in this work and the structure factors 
found in the final refinement are presented in Table VII. The R fac­
tor for this refinement was 0. 0881 based on 19 independent reflections, 
of which 5 were apportioned to give 24 da ta points. 
Prel iminary Work on b i s-Tetramethylammonium Dioxotetrabromourana te (VI )  
The use o f  powder data for the structural determination o f  this 
U(VI ) salt proved to be even more difficult than for the previous exam­
ple. This cry� tal wa s found to be tetragonal with lattice constants 
of a a 9. 3 5  ± 0. 02 A and b = 11 . 68 ! 0. 02 K .  From the systema tic 
a bsences in the powder data, this crystal was classified as belonging 
to the 14/m spa ce group. Body-centered space groups, however, do not 
allow for the correct placement of carbon atoms tetrahedrally a round 
nitrogen. Also, the Patterson map of these data clearly indicated 
that there were the same number of bromine atoms in one position 
along the z axis as there were in two positions, x,,r, o and x, x, o, in 
the xy plane. This would indicate that there are bromine a toms in 
the z and z di rections from both uraniums, but they oc cupy opposite 
positions in the xy plane on the _two uraniums. This condition 
d efinitely rules out a body-centered structure. 
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Table V I I  
Calculated and Observed Structure Factors f or 
.!?.!§_-Tetrarnethylannnonium Hexabromouranate ( IV) 
h k 1 
a 
Fobs-
b 
Fcalc- 'W 
1 1 1 256 2 9 1  1 
2 0 0 227 241 1 
2 2 0 169 15 1  2 
3 1 1 148 1 50 4 
2 2 2 152 160 2 
4 0 0 454 443 4 
4 2 0 206 187 2 
5 3 1 224 1 96 2 
6 2 0 17T 1 75 6 
5 3 3 61 65 99 
4 4 4 244 2 05 99  
4 4 0 2 84  2 9 1  7 
6 4 0 235 233 4 
4 2 2 22  48  99  
3 3 3 65 61 2 
5 1 1 3 15 291  2 
5 5 1 3 1 8  2 95 5 
7 1 1 141 1 29  5 
5 5 3 160 23 1 13  
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Table VII (cont .) 
h k 1 Fobs Fcalc  w 
7 3 1 33 48 13 
5 5 5 2 79 288 4 
7 5 1 163 1 58 4 
6 0 0 300 3 70 7 
4 4 2 67 108 7 
a Scaled . 
b Fcalc /2 •  
It was mentioned earl ier that singl e crystal data were col l ected 
at this point to verify the indexing of the powder data. Al though 
the powder indexing was correct, many refl ections of weak intensities 
had not been observede These refl ect ions did not confonn to the 
systematic absences of the powder work. The singl e crystal data in­
dicated a primitive space group. The Patterson map showed the uranium 
atoms to be in a body-centered arrangement. Using these two condi­
tions and the bromine cond itions stated above, the space group was 
f ound to be either P42 or P42/m, depending on the position of the 
carbon and nitrogen atoms. 
If it can be assumed that the nitrogen and carbon atoms wil l 
remain in the same positions rel ative to uranium in the U(VI) compl ex 
as in the U(IV) compl ex stud ied, the space group woul d be P42/m. 
These positions are shown in Tabl e V I al ong with other atom parameters 
found in refinement. The oxygen position was mad e to correspond to 
the U--0 bond l ength cal cul ated earl ier. Temperature parameters shown 
were assigned in accordance with val ues suggested by Baenziger. 2
0 
An 
R factor of 0.1 79 was obtained with these parameters. The structure 
f actors and weighting f unctions are presented in Tabl e VII I .  
The computer program f urnished by Baenziger was designed f or 
systems of orthorhombic symmetry or lower. Therefore, atom parameters 
coul d not be cycl ed and a f ourier map coul d not be cal culated. For 
these reasons, the structural determination had to be terminated. A 
manual cycl ing of bromine atom posi tions was used to determine the 
parameters l isted in Tabl e VI. The corresponding U--Br bond distance 
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Table VIII 
Calculated and Observed S tructure Factors f or 
�-Tetramethylannnoni um D ioxotetrabromouranate (VI)  
h k 1 Fobs Fcalc  w 
1 0 1 · 2 7 1  2 1 3 2 
1 1 0 2 57 230 2 
0 0 2 2 15  1 1 9 3 
2 0 0 238 244 3 
1 1 2 1 83 124 4 
2 1 1 1 64  1 53 3 
· o  2 2 ' 1 38 1 02 4 
0 1 3 1 56 1 99 3 
2 2 0 33 5 396  5 
0 3 1 94 81 9 
1 3 0 203 2 14 3 
0 0 4 408 3 99 3 
2 2 2 1 50 1 1 9 3 
1 1 4 242 238 3 
2 3 1 1 72 181 3 
0 2 4 1 59 169 4 
0 3 3 12 5 1 1 2  9 
4 0 0 2 12 308 7 
0 1 5 148 1 70 8 
4 1 1 1 3 8  153 4 
. 42 
Table V III (c ont.) 
h k 1 Fobs Fcalc  w 
3 3 0 1 77 2 58 5 
2 2 4 293 3 19 3 
2 3 3 156 1 84  4 
2 4 0 99 154 8 
1 3 4 151  1 95 4 
3 3 2 1 10 7 8  7 
l 2 5 133  1 29 4 
4 1 3 107 1 2 1  7 
1 5 0 334 201 3 
0 4 4 290 266 3 
3 3 4 1 64 2 1 2  9 
2 3 5 1 19 1 60 9 
4 4 0 105 247 46 
3 5 0 51 1 88 42 
2 1 7 1 96 1 19 5 
6 1 1 - 3 8  1 20 99 
4 5 1 149 164 9 
of 2 . 94 t 0 . 05 i s  believed to be accurate to the degree stated despite 
the high R factor, s ince varying the position affected the R factor 
greatly. 
F inal refinement of t his structure will probably f ind the carbons 
and nitrogens oc cupying non-centrosynnnetric positi ons of the P42 space 
group. Da ta from an extremely small single crysta l (0 . 05 mm or 
smaller per side) may be needed to solve th i s  structure completely. 
The reflections assumed missing from the powder data could be super­
imposed on observed values yielding false intensity measurements. 
The intensity data collected are as accurate as  can be obta ined on 
availa ble equipment, even considering thi s  interference. Any further 
work should be done on a four circle diffractometer so that a ccurate 
intensity measurements from a small crystal could be gathered, thus 
minimi zing absorption problems. 
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REFERENCES 
Ryan, J .  L . , pr ivate commun icat ion ,  1 969 . 
Satten , R .  A . ,  c .  L .  Schre iber,  and E .  Y .  Wong , J .  Chem. Phys . , 
� (1 ) ,  162 - 7 1  (1 965) . 
Stumpp , Eberhard , Naturwissenschaften, 56  (7) , 370 (1 969) . 
.. � 
Jorgensen , C .  K . , Acta . Chem. Scand . ,  1 7  (1 ) ,  2 5 1 -8 (1 963) . 
-,.... 
Day, J . P .  and L .  M. Venanz i ,  J .  Chem. Soc . ,  Sec t .  A ,  1 363- 7 
(1 966) . 
Satten , R .  A . ,  c .  L .  Schre iber,  and E .  Y .  Wong , J .  Chem. Phys . , 
42 (1 ) ,  162 - 7 1  (1 965) • ........ 
V icent e , A .  C . ,  Ac ta . Salmant icans ia, Ser .  C ienc . ,  6 (2 ) ,  43-57 
( 1 963) ; Chem. Abstr . ,  60, 101 77d (1 963) . 
-,., """ -
Satten , R .  A . ,  and D .  Young , J .· Chern. Phys . , � , 1 140-5 1 ( 1 960) . 
Hoekstra , H .  R . , 
Badger , R .  M. , 
Badger , R .  M. , 
Inorg. Chem. , 4 (3) , 492-5  (1 963) . 
J .  Chem. Ph:£s . ,  2 ,  1 28  
-""' 
(1 934) . 
i b id . ,  3 ,  7 10  (1 935) . 
- .-y  
Jensen , w .  P . , A .  s .  W i ls on ,  and R .  E iss , pr ivate c ommunicat ion , 
( 1 970) . 
Star i t zky, E .  and J .  S inger ,  Acta . Cryst . ,  (5) ,  536 (1 952 ) . 
Brown, D . , J .  Chem. Soc . ,  Sec t .  A ,  766-9 (1 966) . 
Mikha i l ov ,  Yu . N . , V .  G .  Kuznetsov,  and E .  s .  Kovaleva , � 
Strukt . Kh im. , 6 (5) , 787-8 (1 965) ; Chern . Abstr . , 64 ,  902 1 a  
(1 965) . 
....,. -,..- -
Kl ug ,  H . P .  and L .  E .  Alexander ,  "X-ray D i ffrac t i on Procedure , "  
John W i ley and Sons , Inc . ,  New York , N .  Y . , 1 954, p 36. 
Kl ug , H . P .  and L .  E .  Alexander , .!!?.!£. , pp 133-4. 
Baenz iger , N .  and R .  Schultz ,  Inorg. Chem. , l9 (4) , 661 - 7  (1 97 1 ) . 
Skoog , D .  A . ,  and D .  M. West , "Anal yt ical Chemistry , "  Hol t ,  R ine­
hart and W inston,  Inc . ,  New York , N .  Y. , 1 965 , pp220- 1 .  
44 
4 5  
References (cont . )  
(20) Baenz i ger �  N . ,  pr ivate c ommun icat ion,  1971 . 
GENERAL REFERENCES 
A zarof f , L .  V . ,  ''El ement s  of X-ray Crys ta l l ography , "  M:Graw-H i l l Book 
Co. , New York , N .  Y . , 1 968 . 
A zar of f ,  L .  V .  and M. J .  Buerger , "The Powder Me thod in X - ray C rysta l -
1 ography , "  M:::Graw-H i l l  B ook C o . , New York , N .  Y . , 1 9 5 8 .  
Buerge r ,  M .  J . , "Crys ta l -s t ruc ture Ana l ys i s , "  John W i l ey and S ons , 
Inc . ,  New York , N .  Y., 1 96 0 .  
Henry , N .  F .  M .  and K.  Lonsd a l e ,  Ed . ,  " Interna t i ona l Ta b l e s  f or X-ray 
Crys ta l l ogra phy , "  Vol s . I ,  II  and I I I ,  The Kynoch Pre s s , B i rming­
ham , England , 1 96 5 .  
Kl ug , H .  P .  and L .  E .  A l exander , "X- ray D i f f rac t i on Proc ed ures , "  John 
W i l ey and S ons , Inc . ,  New York , N .  Y .  1 9 54 .  
Nuf f ie ld , E . W . , ''X- ray D i f f rac t ion Method s , "  John W i l e y  a nd S ons , 
Inc . ,  New York , N .  Y . , 1 96 6 .  
S t ou t , G .  H .  and L .  H .  Jens en , ''X- ra y  Struc ture Determi na t i on , "  
�hc Mi l lan C o . , Toronto , Canada , 1 968 . 
46 
